Chemotaxonomic and phylogenetic characteristics of Sphingomonas strains isolated from plants of the family Gramineae were investigated. All strains contained the monosaccharide (glucuronic acid) type of glycosphingolipid (GSL-1). Most were found also to contain the oligosaccharide-type glycosphingolipids. Fatty acid and sphingosine profiles of the isolates were identical, although the ratio of the contents varies among the isolates. They all contained ubiquinone Q-10, and the G؉C contents were from 66 to 68%. Phylogenetic analysis using 16S rRNA gene base sequences revealed that all the isolates were placed in the phylogenetic group of Sphingomonas paucimobilis in the a a-4 subclass of Proteobacteria. By DNA-DNA hybridization experiments, the plant isolates were divided into five genotypic groups (groups 1 to 5). The strains of group 5 showed common physiological characteristics and formed pink-yellow colored colonies. Based on these results, Sphingomonas roseoflava sp. nov. was proposed for that homology group.
Introduction
Bacteria belonging to the genus Sphingomonas have been intensively studied recently, because many members of this genus are known to be decomposers of aromatic compounds such as pentachlorophenol (Karlson et al., 1995; Nohynek et al., 1995) , hexachlorocyclohexane (Imai et al., 1991) , chlorinated biphenyl (Taira et al., 1988) , and dibenzo-p-dioxin (Wittich et al., 1992) , and these bacteria are expected to be used for bioremediation of the environment (Balkwill et al., 1997; Nohynek et al., 1996; Yrjälä et al., 1998) . On the other hand, there are other sphingomonads, which were isolated in high frequency from plants or their rhizosphere (Oyaizu-Masuchi and Komagata, 1988; Takeuchi et al., 1995) . In a previous study , we demonstrated that Sphingomonas strains were easily isolated from the ears of plants of the family Gramineae, and some chemotaxonomic characters of the isolates were reported. Sphingomonads lack lipopolysaccharide in the outer memChemotaxonomic and phylogenetic analyses of Sphingomonas strains isolated from ears of plants in the family Gramineae and a proposal of Sphingomonas roseoflava sp. nov.
brane, and the outer surface of the outer membrane is formed by glycosphingolipid (GSL) (Kawahara et al., 1991; Kawasaki et al., 1994) . S. paucimobilis, the type species of the genus Sphingomonas, contains the monosaccharide-type GSL (GSL-1) and the oligosaccharide-type GSL (GSL-4A). In most plant isolates we examined, oligosaccharide-type GSL was present besides GSL-1. The GSL profile of most isolates was similar to that of S. paucimobilis, but variation was observed in the results of thin-layer chromatography (TLC) of some strains . We therefore became interested in the taxonomic relationships of the plant isolates with S. paucimobilis and other closely related species of Sphingomonas, whose type strains originated from patients with opportunistic infections or from clinical specimens (Takeuchi et al., 1993; Yabuuchi et al., 1990) . Sphingomonas species are phylogenetically positioned in the a-4 subclass of the Proteobacteria (Takeuchi et al., 1994) , and many new species of this group have been proposed (Balkwill et al., 1997; Khan et al., 1996; Nohynek et al., 1996) or recently transferred from other genera (Denner et al., 1999; Kämpfer et al., 1997; Sly and Cahill, 1997; Yabuuchi et al., 1999) based on the sequential data of 16S rRNA gene. In this study we have also sequenced 16S rRNA genes of the isolates and related Sphingomonas species, discussed their phylogenetic position in the a-4 subclass, and proposed a new species for a group of strains isolated from the ears of plants in the family Gramineae.
Materials and Methods
Bacterial strains and growth condition. Bacterial strains used in this study are listed in Table 1 . The type strains of Sphingomonas spp. were obtained from culture collections in Japan as indicated in Table 1 . Strains from plants were isolated as described by Kawahara et al. (1994) . All strains were cultured in the liquid medium containing 1% glucose, 0.5% yeast extract (Difco Lab., Detroit, MI), 0.5% casamino acids (Difco Lab.), 0.2% (NH 4 ) 2 SO 4 , 0.2% K 2 HPO 4 , and 0.01% MgSO 4 · 7H 2 O at 30°C for 24 h with shaking. For DNA preparation, Luria-Bertani (LB) broth was also used.
Chemical analysis of glycosphingolipid. The profile of GSL was analyzed by TLC as described in the previous paper . Fatty acids and neutral sugars were determined by gas-liquid chromatography (GLC) after hydrolysis of GSL in the form of methyl ester and acetyl alditol derivatives, respectively (Kawahara et al., 1987) . For the determination of sphingosines, GSL (4 mg) was oxidized with NaIO 4 (0.025 M, 4°C, 120 h), and sphingosines were liberated from oxidized GSL with methanolysis (1 M HCl/CH 3 OH, 100°C, 5 h). Sphingosines were then peracetylated with pyridine/acetic anhydride (1 : 1, v/v) and analyzed by GLC.
Identification of quinone type. Ubiquinone was extracted from lyophilized cells (50 mg) by the method of Yamada et al. (1969) , purified by TLC, and analyzed by high-performance liquid chromatography (HPLC) .
Preparation of genomic DNA. Wet cells (1 g) were lysed with EDTA and lysozyme and treated with RNase and proteinase K. Genomic DNA was extracted from the lysate with phenol/chloroform (1 : 1, v/v) and recovered by ethanol precipitation. Proteinase K digestion and phenol/chloroform extraction procedures were repeated when DNA purity was not sufficient for PCR amplification and hybridization.
Determination of DNA base composition. The guanine (G)ϩcytosine (C) contents of genomic DNA were determined by HPLC after digestion with Nuclease P1 according to the method of Katayama-Fujimura et al. (1984) .
Sequencing of 16S rRNA genes. Parts of 16S rRNA genes were amplified by PCR with Vent DNA polymerase (New England Biolabs, Beverly, MA, USA), using universal primers: 5Ј-AGTTTGATCATG-GCTCAG-3Ј identical to positions 10 to 27 in the E. coli numbering system (Brosius et al., 1978) , 5Ј-GTAGCGGTGAAATGCGTA-3Ј identical to positions 685 to 702, 5Ј-AAGTCCCGCAACGAGCGCAA-3Ј identical to positions 1092 to 1111, 5Ј-CGTCAAT-TCATTTGAGTT-3Ј complementary to positions 925 to 908, 5Ј-ACGGGCGGTGTGTAC-3Ј complementary to positions 1406 to 1392, 5Ј-GGTTACCTTGTTACGACT-3Ј complementary to positions 1510 to 1493, and 5Ј-AAGGAGGTGATCCAACCG-3Ј complementary to positions 1541 to 1524. For sequencing, 5Ј-end of these primers were labeled with biotin or with the nucleotides identical to the primer. 5Ј-Biotin-labeled PCR products with the nucleotides at 3Ј-end complementary to the sequencing primer were purified with Streptavidinlinked magnetic beads (Dynabeads M-280, Dynal A.S., Oslo, Norway) (Kasai et al., 1992) , and the direct-se-quencing was performed by using an automated DNA sequencer Model 373A (Applied Biosystems, Foster City, CA, USA) and Dye Primer Cycle Sequencing Kit (Applied Biosystems).
Phylogenetic analysis. The sequence data of 16S rRNA genes were aligned with those of reference strains from the database (the accession numbers of the sequence data are shown in the legend to Fig. 1) , the nucleotide substitution rates (K nuc values) were calculated (Kimura, 1980) , and the phylogenetic dendrogram was constructed by the neighbor-joining method (Saitou and Nei, 1987) by using the CLUSTAL W program (Thompson et al., 1994) .
DNA-DNA hybridization. The homology value of genomic DNA was estimated by DNA-DNA hybridization with the fluorometric method (Ezaki et al., 1989) . The target DNA was adsorbed to the microplates (Black Maxisorb, Nunk Inc., Roskilde, Denmark) at 37°C for 4 h or overnight. The hybridization was performed overnight at 50°C with the photobiotin-labeled genomic DNA as a probe, and mean hybridization value (%) was calculated from triplicate experiments.
Physiological tests. The API 20NE test kit (bioMérieux sa, Marcy l'Etoile, France) was used for physiological tests. Extracellular deoxyribonuclease (DNase) activity was determined on DNase test agar plates (Difco Lab.) after 1, 3, 5, and 8 days incubation at 30°C. Indophenol oxidase was tested by the cytochrome-oxidase reagent "Nissui" (Nissui Seiyaku, Tokyo, Japan). Catalase activity was determined by 2000 Taxonomy of Sphingomonas from plants 11 A 1163 nucleotide sequence was used for constructing the dendrogram based on the neighbor-joining method. Bootstrap analyses were made (1,000 cycles), and the values (%) higher than 80% are indicated. Accession numbers of the 16S rRNA gene sequences determined in this study and those of the reference strains from the EMBL nucleotide sequence database are as follows: S. parapaucimobilis JCM 7510 the production of bubbles in 3% hydrogen peroxide solution.
Results

Glycosphingolipid profiles of Sphingomonas strains isolated from plants
GSL components of 72 isolates were examined, and most of the isolates were found to contain GSL-1 and GSL-4A as the type strain of S. paucimobilis (Kawasaki et al., 1994) . Only two strains, MK328 and MK329, isolated from the same sample of Echinochloa crus-galli, had no oligosaccharide-type GSL. Several strains showed the profiles of GSL different from that of S. paucimobilis, and from them four strains (MK329, MK341, MK346, and MK347) with different GSL profiles were chosen as representative strains of each GSL profile. Furthermore, MK355, which had an identical GSL profile as S. paucimobilis, and OSG-47, isolated from the rhizosphere of Oryza sativa (OyaizuMasuchi and Komagata, 1988) , were chosen and their chemotaxonomic characters analyzed.
All six isolates from the plants or rhizosphere and the type strains of the four Sphingomonas species had ubiquinone Q-10 (Table 2) , and their GϩC contents of genomic DNA were in a range of 62 to 68% (Table 3) . As shown in Table 2 , hydroxy fatty acid in GSL of all strains was 2-hydroxy-tetradecanoic acid (2-OH-C 14:0 ). All sphingosine components were proven to be dihydrosphingosines, and the ratio of four sphingosines varies depending on the strains (Table 2 ). In most strains 1,3-dihydroxy-2-amino-octadecane (dihydrosphingosine 18:0) and 1,3-dihydroxy-2-amino-cis-13,14-methylene-eicosane (dihydrosphingosine 21 cycl) were the major components.
S. paucimobilis, S. parapaucimobilis, and S. sanguinis commonly contained GSL-4A as the oligosaccharide-type GSL. S. capsulata GIFU 11526 contained an oligosaccharide-type GSL, designated GSL-3, which had a similar carbohydrate structure, but without terminal mannose (Kawahara et al., 1999) . Among the six isolates investigated, OSG-47 was found to contain GSL-3, and strain MK341 had both GSL-3 and GSL-4A. Strains MK346 and MK347 had unknown GSL with mannose and with mannose and glucose, respectively.
Phylogenetic relationships of the isolates to S. paucimobilis
The 16S rRNA gene sequences of the six isolates in Table 2 and the type strains of eight Sphingomonas species were determined, and the phylogenetic tree was constructed with reported sequence data of other members of Proteobacteria a-4 subclass. As shown in Fig. 1 , three plant isolates (MK341, 355, 347) and OSG-47 were placed in the cluster formed by S. paucimobilis, S. parapaucimobilis, and S. sanguinis. Strains MK329 and MK346 were not placed in this cluster, but the phylogenetic distance between these strains and S. paucimobilis, the type species of the genus, was not large. Therefore the six isolates could be included in a 2000 Taxonomy of Sphingomonas from plants 13 Fig. 1 were calculated (data not shown). Among S. paucimobilis, S. parapaucimobilis, S. sanguinis, and the three isolates (MK355, MK341, and MK347), the similarity values were higher than 97%, suggesting that they were closely related and that DNA-DNA hybridization experiments should be performed to identify the taxonomic position of these isolates.
DNA-DNA relatedness of the isolates
Genomic DNA homology was tested among the six isolates and the three Sphingomonas species. As demonstrated in Table 3 , each of nine strains showed low hybridization values to the rest of the strains tested. These results suggested that all strains were independent of each other at the species level. In the next experiment, genomic DNA from the five plant isolates, MK329, 341, 346, 347, and 355, was used as the target DNA, and the labeled DNA from the 13 other plant isolates (Table 1) was hybridized. As shown in Table 4 , 13 tested strains were found to show high values (Ͼ70%) with one of the five target strains. None of the tested strains, however, showed a high hybridization value (Ͼ70%) with type strains of Sphingomonas species. These results suggested that five independent DNA groups (groups 1 to 5) were formed among the plant isolates.
Physiological phenotypes of the isolates
The physiological characteristics of the strains of the five DNA groups (Table 5 , total 18 strains) were examined. No strain grew at 4°C or 41°C or on the medium containing 6.5% NaCl. All strains were positive for RNase, indophenol oxidase, and catalase activities. As shown in Table 5 , the test kit of API 20NE could not demonstrate clear differences between the five DNA groups. Only among members of DNA group 5 was the absence of growth on D-mannitol and phenylacetate commonly observed.
Discussion
Many new Sphingomonas species were recently proposed by several investigators, but the genus Sphingomonas is heterogeneous (Balkwill et al., 1997; Denner et al., 1999; Takeuchi et al., 1994) , and subgrouping by phylogenetic and phenotypic characteristics is required. Takeuchi et al. (1995) discussed that the genus Sphingomonas should be restricted to the phylogenetic group of S. paucimobilis (Sphingomonas sensu stricto). In this study we showed that all Sphingomonas isolates from plants of the family Gramineae were placed in the phylogenetic group of S. paucimo- Yabuuchi et al. (1990) .
bilis. The isolates (except MK328 and 329) harbored the oligosaccharide-type GSL as S. paucimobilis and the other species in this group. These results suggest that the GSL profile can be a phenotypic characteristic to distinguish the group of S. paucimobilis from others. Recently, Yabuuchi et al. (1999) proposed to transfer Rhizomonas suberifaciens, Blastomonas natatoria, and Erythromonas ursincola to the genus Sphingomonas. They demonstrated the presence of GSL in the three species, which is a common phenotype of the genus Sphingomonas. However, these species contain only GSL-1 and lack the oligosaccharide-type GSL. Similar results on GSL of R. suberifaciens and B. natatoria were also obtained in our study (Kawahara et al., 1999) . Those data on GSL profile should be taken into consideration for the subgrouping of the genus Sphingomonas. DNA-DNA hybridization indicated that the isolates formed several genomic groups, although the groups showed no characteristic physiological phenotypes. However, only strains of DNA group 5 displayed a common feature in mannitol and phenylacetate assimilation (Table 5) . Strains belonging to this group (MK339, 341, 348, 356, and 361) commonly formed pink-yellow colonies, and four were isolated from Setaria viridis. In the phylogenetic tree (Fig. 1) , MK341 was included in the cluster formed by S. paucimobilis, S. parapaucimobilis, and S. sanguinis, but the results of DNA-DNA hybridization (Table 3) indicated that MK341 belongs to none of these three species. Furthermore, when DNA-DNA hybridization among the plant isolates were repeated, using DNA from MK341 as a probe, DNA from MK339, 348, 356, and 361 showed a hybridization value of more than 70%, but all other isolates and type strains of the three Sphingomonas species showed lower values (data not shown). Based on these results, we propose a new species, Sphingomonas roseoflava, for the five strains in DNA group 5, with type strain MK341.
The two strains of group 3 (Table 5) showed identical characteristics by API tests, and both lack the oligosaccharide-type GSL. These two strains were isolated from the same plant sample, and therefore more strains with the same GSL profile are required for further study. Another pair of strains, MK250 and MK346 of DNA group 2, showed identical GSL profiles (data not shown), but their physiological characters were not identical. Although the phylogenetic position of MK329 and MK346 was separate from the other species and each seems to form an independent species, we do not propose a new species for these isolates in the present study.
In Fig. 1 , S. capsulata was positioned near S. aromaticivorans. In previous papers by other groups (Balkwill et al., 1997; Takeuchi et al., 1995; Yrjälä et al., 1998) , S. capsulata also grouped separate from S. paucimobilis in the phylogenetic tree, and this species was considered by these authors to be transferred to a 2000 Taxonomy of Sphingomonas from plants 15 new genus. However, when the sequence data of S. capsulata in our study (accession No. D84532) were used instead of those from the database (D16147), which were used in Fig. 1 , S. capsulata grouped very near to S. paucimobilis. In the biochemical study on GSL, we have already shown that S. capsulata harbors GSL-3 (Table 2 , Kawahara et al., 1999) , which has a structure similar to GSL-4A. As far as we know, no species outside the phylogenetic group of S. paucimobilis contains this type of GSL (GSL-3 or 4A). Therefore the phylogenetic dendrogram drawn with our sequence data of S. capsulata fits very well with the chemical data of GSL. To solve this discrepancy on S. capsulata, careful sequence analysis of 16S rRNA of the type strains from several culture collections is necessary. Sphingomonas roseoflava is a gram-negative, nonsporing, rod-shaped organism. Colonies are smooth, convex, and pink-yellow. Ribonuclease, indophenol oxidase, and catalase are positive. D-Mannitol, caprate, and phenylacetate are not assimilated. The GϩC content of the DNA is 66-68 mol%. Ubiquinone Q-10 is the sole respiratory quinone. Major nonpolar fatty acids are C 18:1 , C 16:1 , and C 16:0 . A polar fatty acid is 2-OH-C 14:0 . Two types of glycosphingolipid are present. One contains glucuronic acid, and the other glucuronic acid, glucosamine, and hexoses. The sole fatty acid in its glycosphingolipids is 2-OH-C 14:0 , and major sphingosines are dihydrosphingosine 18:0 and dihydrosphingosine 21cycl. The phylogenetic position is in the a-4 subclass of Proteobacteria. Source: frequently isolated from the ear of Setaria viridis. The type strain is MK341 (IAM 14823).
Description of
